Peptide antibiotic AS-48 was purified to homogeneity by ion-exchange chromatography, gel filtration chromatography, and reversed-phase liquid chromatography. The purified fraction was active against gram-positive and gram-negative bacteria. AS-48 is a basic protein with an isoelectric point of ca. 10.5 and a molecular mass of 7.4 kilodaltons. Its inhibitory activity was markedly affected by sodium dodecyl sulfate and cardiolipin but not by neuraminidase, pectinase, I8-glucosidase, or 0-glucuronidase. Differential scanning calorimetry data suggested that AS-48 molecules lack a compact structure.
Since bacteriocin production by group D streptococci was first reported (11) , extensive studies have been performed on this subject, many of them describing the production and characterization of different types of classic bacteriocins (2, 6, 12, 16) .
However, production of peptide antibiotics by members of this group is very unusual, with the exception of nisin (8) . This substance and the small bacteriocin C3603 (9) deserve further attention, since they both could be included in a group of strongly basic peptides that display marked antimicrobial activity. It has been suggested that the large number of similar substances from different origins described so far (3, 24, 27) , most of them showing structural and functional similarities, reflects the conservation in the course of evolution of a general mechanism of antibiosis by basic peptides (22) .
In a previous paper (5), we described the partial purification and characterization of a new antibiotic peptide (AS-48) produced by Streptococcus (Enterococcus) faecalis subsp.
liquefaciens S-48. This substance showed potential for inhibition of gram-positive unrelated bacteria and also gramnegative bacteria. In this paper, new data are presented concerning the complete purification and amino acid composition of this substance. Similarities to other basic peptides are also discussed.
MATERIALS AND METHODS
Microorganisms. S. faecalis subsp. liquefaciens S-48 (isolated from a human wound exudate) was used as the producer strain. S. faecalis subsp. liquefaciens S-47 and Escherichia coli U-9, both from our laboratory collection, were used as susceptible strains.
Growth media, antibiotic production, and assay of activity. Brain heart infusion (BHI broth; BBL Microbiology Systems, Cockeysville, Md.) was used as the growth medium. Buffered CM-G (5) was used for antibiotic production.
The procedures for antibiotic assay and determination of arbitrary units were as previously described (5) . The plating medium for the antibiotic assay consisted of Mueller-Hinton agar (BBL). Soft-agar overlay tubes consisted of 0.75% agar * Corresponding author.
(Difco Laboratories, Detroit, Mich.). All media were buffered with 0.15 M sodium phosphate, pH 7.2.
For antibiotic production, batches of buffered CM-G were inoculated with overnight growth of the producer strain (4% [vol/vol] ) and incubated at 37°C for 8 h. The cells were then removed by centrifugation, and the supernatants were purified.
Purification of AS-48. The culture supernatants were adjusted to pH 6.2 and stirred for 30 min with carboxymethylSephadex CM-25 (20:1 [vol/vol]; Pharmacia, Uppsala, Sweden) previously swollen in 20 mM sodium phosphate buffer, pH 6.2. The gel was allowed to sediment, and the supernatant was discarded. The gel slurry was packed into a column (6 by 110 cm) and washed with 2 volumes of the equilibration buffer. The column was eluted with a linear gradient of NaCl (0 to 2 M) at a flow rate of 300 ml/h. Fractions containing AS-48 activity were applied to a Biogel P-6 (Bio-Rad Laboratories, Richmond, Calif.) column (2.5 by 45 cm) equilibrated with 50 mM sodium acetate buffer, pH 5.6-0.4 M NaCl. The A280 was monitored with a Uvicord 235 (LKB Instruments, Inc., Rockville, Md.). Fractions (5 ml) were collected and assayed for antibiotic activity and protein content (13) . Active fractions were applied to a C4 reversedphase column (0.2 by 4 cm; Aquapore, Brownlee, Calif.) equilibrated with 10 mM trifluoroacetic acid. The column was eluted at a flow rate of 0.5 ml/min with a 0 to 100% linear gradient of isopropanol-acetonitrile (2:1 [vol/vol]) over 30 min. The A280 of the effluent was monitored with a Kratos Spectroflow 783 absorbance detector.
Polyacrylamide gel electrophoresis and isoelectric focusing. Samples were heated (100°C, 2 min) with or without dithiothreitol (100 mM) in 3% sodium dodecyl sulfate (SDS)-63 mM Tris hydrochloride, pH 6.2. Gels (1.6 mm thick) of a uniform concentration (25.7% polyacrylamide; acrylamidebisacrylamide ratio, 37:1) were prepared and run for 24 h at 3.3 V/cm of gel as previously described (4) . Gels were fixed as previously described (15) , except that the first two steps were for 2 h each, with hourly changes of solution, and the glutaraldehyde treatment also lasted 2 h. The fixed gels were silver stained (28) .
Isoelectric focusing was performed on gels in which a pH gradient from 3 to 9 had been established (PhastGel 3-9; Pharmacia). The gels were loaded with purified AS-48 and rusn at 300 V/h for 20 min in a separation and control unit (Phast System; Pharmacia). Trichloroacetic acid fixation and Coomassie blue staining were performed with a Phast System development unit (Pharmacia). Alternatively, different agarose gels containing 0.2 M glycine-sodium hydroxide buffer, pHs 9 to 10.5, were used and run under similar conditions. The gels were fixed and silver stained as described above.
Amino acid analysis and extinction coefficient determination. The optical absorbance spectra of protein samples eluted from the reversed-phase column were digitized in a Hewlett-Packard 8450A UV/VIS spectrophotometer. Samples (5 k 10-3 A280 units) were analyzed for their amino acid compositions as previously described (7), and the protein contents were correlated with the recorded A280 values. Lanthionine was determined by ion-exchanige chromatography and o-phthalaldehyde derivatization (1) with an automated amino acid analyzer (Chromaspeck K-J 180). Cysteine was also determined by ion-exchange chromatography after reduction with dithiotreitol and treatment with sodium tetrathionate (10) . Cysteine and lanthionine (Sigma Chemical Co., St. Louis, Mo.) were used standards. Fluorescence measurement of tryptophah was performed with a PerkinElmer-Hitachi MPF-2A fluorescence spectrophotometer. The excitation wavelength was 295 nin, and fluorescence emission was monitored at 380 nm. Tryptophan (Calbiochem-Behring, La Jolla, Calif.) was used as the standard.
Sensitivity to several agents and heat inactivation. Purified preparations of AS-48 were tested for sensitivity to neuraminidase (10 U/ml, pH 5.6), pectinase (2 mg/ml), P-glucosidase (3 mg/ml), and ,-glucuronidase (100 U/ml). Bovine heart cardiolipin (300 ,ug/ml) and SDS (0.015%) were also tested. Unless otherwise specified, incubation was performed at 37TC for 60 min. Following incubation, samples were assayed for remaining antibacterial activity. Parallel controls were performed. All enzymes and chemicals were supplied by Sigma.
Differential scanning calorimetry was used to study heat sensitivity. Purified preparations of AS-48 (525 ,ug/ml) in 50 mM sodium acetate buffer (pH 4)-0.4 M NaCl were exposed to a heat gradient between 0 and 100°C at a heating speed of 2 K/mim in a microcalorimeter (DASM-1; two coin-shaped gold cells with equal volumes of 1 ml each) (19 pH of 5.6 were determined as the optimal conditions for elution, while lower salt concentrations resulted in significant retention of the antibiotic in the column.
Fractions from the Biogel P-6 column were repurified by reversed-phase chromatography (Fig. 1B) . AS-48 was also retained strongly in C-4 columns, eluting at a high solvent concentration. The inhibitory activity was present in the main peak. SDS-polyacrylamide gel electrophoresis of this fraction (with or without dithiothreitol) resulted in a single band, migrating with a molecular mass of 4.5 kilodaltons (Fig. 1B, insert) . Since the lower limit of protein detection in the polyacrylamide gels was 1 ng, the most abundant contaminant in this preparation must be <0.25% of the total amount of AS-48 present.
Throughout the different purification steps, the inhibitory activities against S. faecalis subsp. liquefaciens S-47 and E. coli U-9 eluted in the same fraction. The ratio of the specific activities determined with strains S-47 and U-9 was constant; S-47 was four times more susceptible to AS-48 than was U-9. Therefore, a single type of molecule likely accounts for inhibition of gram-positive and -negative bacteria.
Characterization of AS-48. The amino acid composition of purified fractions of AS-48 is shown in Table 2 . A high proportion (49%) of hydrophobic amino acids (Ala, Pro, Val, Met, Ile, Leu, and Phe) and also uncharged hydrophilic amino acids (Ser, Gly, Thr, and Tyr) was detected. The high ratio of basic to acidic amino acids confers a basic character to this protein. No cysteine or lanthionine residues were detected. The absence of lanthionine is a significant difference from other antibacterial peptides, like nisin and Pep-5. The amino acid composition of AS-48 gave a minimum molecular mass of 7.4 kDa. This value was much higher than that expected on the basis of its chromatographic behavior and was also higher than the value estimated by SDSpolyacrylamide gel electrophoresis. The extinction coefficients calculated on the basis of the amino acid analysis and the UV absorption spectrum (Fig. 2) were 2.73 (mg/ ml)-' cm-' at 280 nm and 23.4 (mg/ml)-' cm-' at 210 nm.
Isoelectric focusing. When AS-48 was electrofocused in a pH gradient from 3 to 9, the protein always appeared at the cathode, indicating that its pl should be equal to or higher than 9. A set of nondenaturing gels at successive alkaline pHs of up to 10.5 showed a decreasing migration rate of the protein toward the cathode. The very slow migration at pH 10.5 indicated that the pl of AS-48 is close to this value.
Sensitivity to several agents and heat inactivation. No loss of antibacterial activity was observed after incubation of AS-48 with neuraminidase, pectinase, ,-glucosidase, or Pglucuronidase. However, no activity was detected after incubation with SDS or bovine heart cardiolipin.
Heat inactivation of AS-48 was monitored by differential scanning calorimetry. The heat absorption curve is shown in Fig. 3 . Gradual heating resulted in transition from a native state (active) to a denatured state (inactive). ). The heating speed was 2 K/min. After the first heating, the samples were cooled to 0°C and then reheated under the same conditions (0). The specific heat capacity function (0) was obtained by subtracting the base-line from the heat curve of the sample. A signal of 50 ,uW was used as a standard (.----) .
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The specific enthalpy of the transition (Ah) was estimated on the basis of the calibration enthalpy (AHCaH) and the areas corresponding to the calibration signal (0.3100) and the sample (0.1373). AHVH/IACaI we can estimate that a maximum of five molecules take part in a cooperative unit during heat inactivation. DISCUSSION The procedures described initially (5) for the partial purification of peptide AS-48 were modified and completed. One single type of molecule was isolated which is capable of inhibiting the growth of both gram-positive and gram-negative bacteria. This fact removes the initial doubts about the existence of two molecular forms responsible for both inhibitory activities (5) .
AS-48 is a highly basic peptide with an isoelectric point close to 10.5. In addition to the presence of lysine and arginine residues, a high isoelectric point would be favored by the abundance of nonpolar amino acids. It is also possible that the Asx and Glx residues are in the form of Asn and Gln, respectively, which hydrolyze after HCl treatment. The high nonpolar amino acid content may also favor greater retention in reversed-phase columns and also aggregation during heat inactivation, as suggested by differential scanning calorimetry data. The lack of cysteine and the high content of amino acid that disturb ot-helix conformation are also in accordance with differential scanning calorimetry data and point to the absence of a compact structure for AS-48 molecules.
On the basis of its amino acid composition, AS-48 should have a molecular mass of 7.4 kDa. This value is much higher than that estimated initially (5) and is also higher than that obtained on the basis of its electrophoretic mobility (4.5 kDa). The basic character of AS-48 may increase its capacity for binding to SDS (inactivation by SDS was demonstrated), thus increasing its electrophoretic mobility. In addition to its interaction with SDS, AS-48 also bond strongly to cardiolipin. Interaction with anionic phospholipids may be an essential step in the biological activity of cationic peptides with an amphiphilic structure (20) .
The potent antimicrobial activity of strongly cationic peptides of different sources has long been recognized. Nevertheless, only a few of them, like nisin (8) , , bacteriocin IYS2 (17) , and bacteriocin C3603 (9), have been reported in bacteria. All of them show similarities in molecular size (3 to 6 kDa), isoelectric points (ca. 10), and biological activity (21, 23, 26) . Together, these type of substances may represent the conservation in the course of evolution of a general mechanism of antibiosis by means of basic peptides (22) . AS-48 shows striking similarities to these peptides with respect to molecular size and basic nature (for example, the high lysine content of AS-48 is similar to that of Pep-5 peptides [25] ). In addition, the biological effects of AS-48 on susceptible cells are exerted at the membrane level (A. Galvez, E. Valdivia, M. Martinez, and M. Maqueda, Antimicrob. Agents Chemother., in press) as are those of Pep-5 and nisin. However, the lack of lanthionine and the capacity for inhibition of gram-negative bacteria represent two major differences from these peptides.
